Radionuclide desorption kinetics on synthetic Zn/Ni-labeled montmorillonite nanoparticles  by Huber, F.M. et al.
Available online at www.sciencedirect.comwww.elsevier.com/locate/gca
ScienceDirect
Geochimica et Cosmochimica Acta 148 (2015) 426–441Radionuclide desorption kinetics on synthetic
Zn/Ni-labeled montmorillonite nanoparticles
F.M. Huber a,⇑, S. Heck a, L. Truche b, M. Bouby a, J. Brendle´ c, P. Hoess a,
T. Scha¨fer a
aKarlsruhe Institute of Technology (KIT), Institute for Nuclear Waste Disposal (INE), P.O. Box 3640, D-76021 Karlsruhe, Germany
bGeoRessouces, Universite´ de Lorraine, CNRS, UMR 7359, BP 70239, F-54506 Vandoeuvre-le`s-Nancy, France
cPoˆle Mate´riaux a` Porosite´ Controˆle´e, Institut de Science des Mate´riaux de Mulhouse UMR CNRS 7361, UHA, 3b rue A. Werner,
68093 Mulhouse Cedex, France
Received 22 January 2014; accepted in revised form 14 October 2014; available online 25 October 2014Abstract
Sorption/desorption kinetics for selected radionuclides (99Tc(VII), 232Th(IV), 233U(VI), 237Np(V), 242Pu and 243Am(III)) under
Grimsel (Switzerland) ground water conditions (pH 9.7 and ionic strength of 1 mM) in the presence of synthetic Zn or Ni con-
taining montmorillonite nanoparticles and granodiorite fracture ﬁlling material (FFM) from Grimsel were examined in batch
studies. The structurally bound Zn or Ni in the octahedral sheet of the synthetic colloids rendered them suitable as colloid
markers. Only a weak interaction of the montmorillonite colloids with the fracture ﬁlling material occurs over the experimental
duration of 10,000 h (13 months). The tri- and tetravalent radionuclides are initially strongly associated with nanoparticles in
contrast to 99Tc(VII), 233U(VI) and 237Np(V) which showed no sorption to the montmorillonite colloids. Radionuclide desorption
of the nanoparticles followed by sorption to the fracture ﬁlling material is observed for 232Th(IV), 242Pu and 243Am(III). Based on
the conceptual model that the driving force for the kinetically controlled radionuclide desorption from nanoparticles and subse-
quent association to the FFM is the excess in surface area oﬀered by the FFM, the observed desorption kinetics are related to the
colloid/FFM surface area ratio. The observed decrease in concentration of the redox sensitive elements 99Tc(VII), 233U(VI) and
237Np(V) may be explained by reduction to lower oxidation states in line with Eh-pH conditions prevailing in the experiments and
thermodynamic considerations leading to (i) precipitation of a sparingly soluble phase, (ii) sorption to the fracture ﬁlling material,
(iii) possible formation of eigencolloids and/or (iv) sorption to the montmorillonite colloids. Subsequent to the sorption/
desorption kinetics study, an additional experiment was conducted investigating the potential remobilization of radionuclides/
colloids attached to the FFM used in the sorption/desorption kinetic experiments by contacting this FFM with pure Grimsel
groundwater for 7 days. A positive correlation of 242Pu, 232Th(IV) and 237Np was observed with the Zn and Ni concentrations
in the desorption experiments indicating a remobilization of sorbed montmorillonite colloids. The results of the study in hand
highlight (i) the novel use of structural labeled colloids to decrease the uncertainties in the determination of nanoparticle attach-
ment providing more conﬁdence in the derived radionuclide desorption rates. Moreover, the data illustrate (ii) the importance of
radionuclide colloid desorption to be considered in the analysis and application of colloid facilitated transport both in laboratory
or in-situ experiments and numerical model simulations and (iii) a possible remobilization of sorbed colloids and associated
radionuclides by desorption from the matrix material (FFM) under non-equilibrium conditions.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://
creativecommons.org/licenses/by-nc-nd/3.0/).http://dx.doi.org/10.1016/j.gca.2014.10.010
0016-7037/ 2014 The Authors. Published by Elsevier Ltd.
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The concepts for safe disposal of high level nuclear
waste (HLW) in deep geological formations like crystalline
rocks are based on multi-barrier systems (SKB, 2006). The
HLW (e.g. spent fuel pellets or in a vitriﬁed form) is placed
in copper or stainless steel canisters representing the ﬁrst, so
called technical barrier. These canisters will be surrounded
by a second, so called geotechnical barrier consisting of
pure compacted bentonite like e.g. a FEBEX bentonite
(Ferna´ndez et al., 2004) or a sand/bentonite mixture. The
FEBEX bentonite, consisting mainly of smectite (montmo-
rillonite) (>90%) with minor amounts of quartz (2%),
plagioclase (2%) and cristobalite (2%) was chosen as a
reference material for the geotechnical barrier in the Span-
ish concept for the disposal of nuclear waste in deep geolog-
ical formations (Villar et al., 1998). It has been and is still
extensively studied and used in both lab and ﬁeld-scale
experiments like e.g. in the Full-scale Engineered Barriers
Experiment (FEBEX-e) project (Huertas et al., 2000) and
the Colloid Formation and Migration (CFM) project both
located at the Grimsel Underground Research and Devel-
opment Laboratory (Grimsel URL) in the Swiss Alps
(1730 m a.s.l.; depth 450 m). One of the main properties
of bentonite is its pronounced swelling behavior when in
contact with water thereby limiting advective ground water
ﬂow and transport to diﬀusion controlled transport and its
high surface area providing a strong sorption and thus
retention capacity for e.g. metal ions. One of the reference
evolution scenarios of the deep geological disposal for
HLW in Sweden (SKB, 2011) foresees the potential intru-
sion of low mineralized glacial melt water (Bath, 2011) dur-
ing future glaciation periods. The naturally occurring
ground water in the Grimsel area (referred to as GGW in
the following) is an appropriate simulant for glacial melt
water (Bath, 2011) since it originates from the surrounding
glaciers in the Grimsel mountain area. The GGW possesses
a low ionic strength of 1 mmol/l and a relatively high pH
of 9.7. Under these geochemical and hydrogeological per-
turbations, erosion of the bentonite buﬀer is likely to occur
leading to the release of predominantly montmorillonite
colloids, which are shown to be stable in alkaline, low min-
eralized ground water (e.g. (Missana et al., 2003; SKB,
2009; Scha¨fer et al., 2012)). As a consequence, radionuclides
(RN) released from the HLW can sorb onto these mobile
nanoparticles and may eventually be transported over sig-
niﬁcant distances into the far-ﬁeld of the repository
(Kersting et al., 1999; Mo¨ri et al., 2003; Geckeis et al.,
2004; Scha¨fer and Noseck, 2010). An assessment of the
extent of colloid facilitated radionuclide transport requires
precise information on e.g. the aqueous colloid concentra-
tion or colloid attachment behavior to the geomatrix. The
determination of FEBEX bentonite colloid mobility/recov-
ery in previous studies (Mo¨ri et al., 2003; Kurosawa et al.,
2006; Missana et al., 2008; Huber et al., 2011) revealed
partly high uncertainties and furthermore diﬀerences
between radionuclide desorption rates determined in
laboratory batch and column experiments. The diﬀerent
detection methods used in these studies (mobile laser-
induced-breakdown-detection (LIBD), acoustic LIBD andICP-MS Al–Si concentration) revealed considerably diﬀer-
ent recovery values (Scha¨fer et al., 2004; Bouby et al.,
2011). One particular problem concerns the ICP-MS Al
and Si sensitivity. The Al and Si concentration measure-
ment represents the major structural components of mont-
morillonite colloids and is of prime importance for the clay
colloid quantiﬁcation. Although Si is the main structural
colloidal component according to the chemical formula of
FEBEX bentonite, ICP-MS measurement detection of Si
usually suﬀers from high background induced e.g. by
abrasion from the quartz torch. This is the reason why Al
is often preferred as an indicator element for the clay
colloids. However, the Al concentration in the natural
ground water from the Grimsel area which is used in this
study as a simulant for a glacial melt water has been
determined in long-term background sampling campaigns
to be 25 ± 12 ppb which renders colloid analysis in the trace
concentration range (ppt) very challenging. Especially the
distinction between natural background nanoparticles
found ubiquitously in ground water and the injected clay
colloids as planned in the in situ experiments of the CFM
project in the Grimsel Test Site (GTS Switzerland)
(Geckeis et al., 2011) requires a labeling of bentonite nano-
particle source in a granite fracture to measure precisely the
recovery of the nanoparticles. One aspect of this study is to
test the applicability of synthetic Zn-/Ni-labeled montmo-
rillonite nanoparticles in order to improve the colloid
concentration determination without disturbing or chang-
ing the properties of these colloids. The natural Zn and
Ni concentrations found in the Grimsel ground water have
been measured to be 1.1 ± 0.8 ppb and 5.8 ± 6.0 ppt,
respectively. In this study, we use Zn- and Ni-montmoril-
lonite containing the metal in its octahedral sheet
(Reinholdt et al., 2001b, 2013) to label the FEBEX benton-
ite as an admixture. Brieﬂy, the experimental program
investigated the following key aspects:
a. the characterization of the properties of these syn-
thetic Ni/Zn-clay colloids by various analytical
methods,
b. to decrease the uncertainty in the determination
of the nanoparticle attachment behavior in the
experiments by evaluating the appropriateness of
the colloid labeling technique of natural clays,
c. to compare newly obtained radionuclide sorption/
desorption kinetics using the synthetic colloids in
the presence of Grimsel fracture ﬁlling material in
comparison to FEBEX bentonite nanoparticles,
d. to observe a possible radionuclide/colloid remobiliza-
tion subsequent to the sorption experiments.
2. MATERIALS AND METHODS
2.1. Solid phases
2.1.1. Zn/Ni-montmorillonite bulk material
The Zn/Ni-montmorillonite powders were synthesized
following the procedures proposed by Reinholdt et al.
(2001b, 2013) to which the reader is referred to for more
Table 1
Concentrations of Na, Al, Fe, Zn and Ni in both the Zn-
montmorillonite and Ni-montmorillonite colloid stock suspen-














Na 0.56 15.5 15.5 17.1 17.4
Al 0.03 11.2 0.02 6.6 3.4
Fe – 0.10 0.15 <d.l. <d.l
Zn 0.004 9.28 0.28 2.59 2.43
Ni – – – 1.9 0.34
pH 9.7 7.23 – 7.99 –
Al/Zn – 1.21 0.07 – –
Al/Ni – – – 3.47 10
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sively Zn or Ni as divalent elements in the octahedral sheet
were synthesized in acidic and ﬂuoride medium under
hydrothermal conditions (220 C, autogenous pressure).
The formula per half unit cell of both the Zn- and Ni-
montmorillonite, without tetrahedral substitution, is: Na0.3
[Al1.64Zn/Ni0.39h0.97]  [Si4.00]O10(OH1.95F0.05)  4.0H2O,
where h represents the vacancy.
A thorough characterization of the synthetic montmoril-
lonite is provided by Reinholdt et al. (2001a, 2013) to which
the reader is again referred for further information. Mea-
sured X-ray diﬀraction (XRD) pattern (Bruker AXS D8
powder diﬀractometer equipped with a BSI (Baltic Scien-
tiﬁc Instrument) Si(Li) solid detector and CuKa radiation)
of the synthetic montmorillonite powder exhibits the char-
acteristic hkl peaks of montmorillonite (see Figure SI 1).
The position of the (060) peak (1.493 A˚) indicates the
di-octahedral nature of the sample.
2.1.2. Zn/Ni-montmorillonite nanoparticles characterization
In total, four Zn- and Ni-montmorillonite colloid sus-
pensions were prepared in Grimsel ground water by repeat-
ing four time cycles of suspending, centrifugation for
30 min at 4000 rpm and re-suspending the separated solid
in GGW. For the ﬁrst suspension, 250 mg of Zn/Ni-mont-
morillonite powder was equilibrated for 10 days in 50 ml of
GGW prior to the ﬁrst step of centrifugation in order to
achieve a high degree of delamination. The three other
suspensions were equilibrated for three days in GGW prior
to centrifugation. The ﬁnal supernatant, containing either
Zn- or Ni-montmorillonite colloids, was taken as a colloid
stock dispersion and was stored in a refrigerator until both
material analysis and experiments were performed.
Characterization of the synthetic montmorillonite
nanoparticles was done using Inductively Coupled Mass
Spectrometry (ICP-MS), Photon Correlation Spectroscopy
(PCS), Atomic Force Microscopy (AFM), Asymmetric
Flow Field-Flow Fractionation (AsFlFFF) coupled to
UV–Vis spectrophotometry and ICP-MS and Laser-
Induced Breakdown Detection (LIBD). Brief information
on the methods applied are given below. For details on
the characterization methods the reader is referred to
referenced literature and the supplementary material.
2.1.2.1. Inductively coupled mass spectrometry (ICP-MS).
The element concentration in the Zn- or Ni-montmorillon-
ite suspensions is determined by ICP-MS (Perkin Elmer
ELAN 6000) after dilution by a factor of 50 in GGW
(Table 1). The obtained diluted samples are acidiﬁed with
HNO3 (2%) and shaken just before injection. An aliquot
of the last suspension (suspending cycle number 4) was
ultracentrifuged at 90,000 rpm for 60 min in order to
remove colloids quantitatively and analyzed for the dis-
solved elements.
2.1.2.2. Photon correlation spectroscopy (PCS). The elec-
trophoretic mobility l is measured with the ZetaPlus system
(Brookhaven Inc.) using the PALS Zeta Potential Analyzer
Software (Version 3.13). The f-potentials measured in this study
are calculated from electrophoretic mobility measurements usingSmoluchowski’s equation (Hunter, 1981). A complete
description of this technique is provided inter-alia in
Plaschke et al. (2001). The coagulation rate of the
Zn/Ni-montmorillonite colloids is determined by photon
correlation spectroscopy (PCS) using a ZetaPlus system
(Brookhaven Inc.) according to Kretzschmar et al. (1998).
The scattering light is measured perpendicular to the
incident laser beam and the data evaluation is made by
the instrument built-in software (Version 2.27). The hydro-
dynamic radius (rh) is calculated from the measured
diﬀusion coeﬃcient (D) by the Stokes–Einstein equation
(Einstein, 1905) assuming spherical colloid geometry.
2.1.2.3. Atomic Force Microscopy (AFM). Contact mode
AFM imaging is performed using a Topomer TMX 2000
Explorer which is equipped with a cantilever oscillating
hardware with possible oscillation frequencies ranging from
0 to 600 kHz. Probes with silicon tips (nominal radius of
curvature, <10 nm; nominal spring constant, 48 N/m; nom-
inal resonance frequency, 190 kHz) are mounted on a scan-
ner with a maximum range of 2.2 lm in the x–y direction
and 900 nm in the z direction. Imaging is performed on
dried samples. The colloid deposit was obtained by immers-
ing a clean mica plate upside down for 1 min directly in the
undiluted Zn-/Ni-montmorillonite suspension. This
method allows nanoparticles to adsorb from the solution
to the mica surface and to avoid aggregate formation dur-
ing drying in air (Pettersson et al., 2010).
2.1.2.4. Asymmetric Flow Field-Flow Fractionation
(AsFlFFF) coupled to UV–Vis spectrophotometry and
ICP-MS. The colloid stock suspensions were probed by
Asymmetric Flow Field-Flow Fractionation (AsFlFFF)
(Postnova Analytics, Landsberg, Germany; HRFFF
10.000 AF4) coupled to UV–Vis spectrophotometry and
ICP-MS. The experimental equipment used in this study
has been detailed in Bouby et al. (2004, 2008, 2011). In this
study, the carrier solution consists of ultra-pure water
adjusted to pH 9.3 by addition of ultra-pure NaOH 1 M
(Merck). Colloid sizes are derived by calibration using a
series of polystyrene sulfonate (PSS) reference stan-
dards (Polysciences, Eppelheim, Germany) with certiﬁed
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series of carboxylated polystyrene reference particles (Mag-
sphere, USA) with certiﬁed sizes (24, 105, 207, and 510 nm).
Brieﬂy, measured intensities for the respective element of
interest were normalized to the measured intensity of an
internal standard (103Rh). 103Rh (50 lg/L) dissolved in 5%
HNO3 (ultrapure) is admixed at constant ﬂow to the chan-
nel eﬄuent before entering the ICP-MS nebulizer. ICP-MS
intensities are converted to masses (ng) for each element of
interest. The mass versus elution time fractogram is then
integrated in order to derive the total peak areas, which
can then be attributed directly to the amount of given ele-
ment in the respective colloidal fraction. This approach
has been primarily adopted to correct for ﬂow rate ﬂuctua-
tions observed with our AsFlFFF notably at the beginning
of each fractionation run.
2.1.2.5. Laser-Induced Breakdown Detection (LIBD). The
colloid concentration and number-weighted average colloid
diameter are determined with an optical Laser-induced
Breakdown Detection (LIBD) system (Hauser et al.,
2002). The sample solution is pumped through a quartz
ﬂow-through cell. A dielectric breakdown is produced in
the focus region of a pulsed laser beam (Nd: YAG-laser,
Frequency: 15 Hz, Wavelength: 532 nm). In the so-called
s-curve LIBD or acoustic LIBD the laser pulse energy is
varied (Walther et al., 2002, 2006). The laser pulse energy
where the ﬁrst breakdowns of the colloids can be
detected is called breakdown threshold. The breakdown
threshold increases with decreasing colloid size. The
slope of the s-curve is increasing with increasing colloid
concentration when the colloid size is kept constant.
Both systems are calibrated with polystyrene reference
particles.
2.1.3. Fracture Filling Material characterization
The fracture ﬁlling material used in this study was
obtained from the Grimsel Test site (GTS), Switzerland.
The main rock type in this area is the so-called Grimsel
“granodiorite” although from a petrologic point of view it
should be classiﬁed as granite (Kralik et al., 1992). Details
on the bulk mineralogical composition of the Grimsel
granodiorite are given by Jokelainen et al. (2013). Due to
tectonic deformation ductile shear zones and soft fault
gouges were formed which have been reactivated later by
brittle deformation causing thick fault gouge in the cm scale
consisting mainly of phengite (smectite) and inter-bedded
rock fragments (Meyer et al., 1989; Bossart and Mazurek,
1992). Prior to use in our experiments, the material was
manually crushed, sieved and freeze dried under ambient
conditions. A size fraction of 1–2 mm has been separated
according to the experiments by Huber et al. (2011)
and characterized by Scanning Electron Microscopy
(SEM), Energy Dispersive X-ray Microanalysis (EDX),
Speciﬁc Surface Area analysis (N2-BET) and X-ray Fluo-
rescence analysis (XRF). It should be noted that although
the material stems from the same location as used in
Huber et al. (2011) mineralogical diﬀerences cannot be
excluded.2.2. Radionuclide-colloid cocktail preparation
Natural Grimsel ground water with pH = 9.7 and an
ionic strength of I = 1 mM (see e.g. Huber et al., 2011
for more details about the chemical composition of the
ground water) stored under anoxic conditions was spiked
with either synthetic Zn- or Ni-montmorillonite colloids
to reach the desired concentration of 25.6 mgL1 (the
same as used in Huber et al. (2011)), respectively and sub-
sequently with selected radionuclides. The whole prepara-
tion of the cocktails has been done in a glove box under
Ar atmosphere. The following radionuclides (in their
respective oxidation states) have been used: 99Tc(VII),
232Th(IV), 233U(VI), 237Np(V), 242Pu, and 243Am(III).
242Pu was added as 242Pu(III) after electrochemical reduc-
tion (veriﬁed by UV–Vis) to the radionuclide cocktail.
The ﬁnal spiked suspension contained all the radionuclides
mentioned above. Based on thermodynamic considerations,
Pu(III) is expected to oxidize to Pu(IV) under the GGW
experimental conditions utilized (Runde, 2001). Due to
the low Pu concentrations in the radionuclide cocktail
and the complication of bentonite colloids present, we did
not directly analyze the Pu oxidation state (Nitsche et al.,
1988) during our experiments. Although we expect Pu to
have oxidized to Pu(IV), we cannot rule out the presence
of possible multiple oxidation states, and as a result, refer
to Pu without specifying an oxidation state. Contact time
between the radionuclides and the colloids was 24 h.
The initial concentrations and the colloid bound fraction
are listed in Table SI 1.
2.3. Experimental procedure and conditions
2.3.1. Radionuclide–bentonite colloid sorption/desorption
kinetics experiments
All experiments were conducted at room temperature
(21 C) in a glove box under Ar atmosphere free of CO2
(<1 ppm O2). See Figure SI 2 for a schematic overview of
the experimental procedure. For each sampling point of
time, 2 single vials (Zinsser, 20 ml, HDPE) were prepared
instead of one big batch sample vial for all sampling times.
This setup was chosen to be able to conduct desorption
experiments after sorption/desorption kinetic experiments
were completed. Multiple data points could be obtained
compared to single data points from the single batch sorp-
tion design. Duplicates of every sample were prepared with
a solid to liquid ratio of 1:4 (4 g FFM and 16 ml of solu-
tion). Prior to the batch-type experiments the FFM mate-
rial was contacted with fresh Grimsel ground water in
single vials over a period of six weeks, exchanging the solu-
tion at least 5 times within this period to remove leftover
ﬁnes and pre-equilibrate the solid phase. After this preli-
minary step the supernatant was completely discarded from
the vials and reﬁlled with the radionuclide-colloid cocktail.
The ﬁrst 2 vials were opened and sampled 24 h after addi-
tion of the radionuclide cocktail to the batch samples.
The subsequent vials were opened and sampled after 48,
120, 336, 504, 700, 1000, 3500, 7500 and 10,000 h,
respectively.
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a semi micro Ross electrode (81-03, Orion Co.) in combina-
tion with a digital pH meter (720A, Orion Co.) Then, two
aliquots (4 ml each) of the solution (supernatant without
any FFM) of every opened vial were taken. The ﬁrst one
was directly diluted in nitric acid (non-ultracentrifuged
(nUC) samples), whereas the second was transferred in
ultracentrifugation vials using a syringe, sealed by welding
inside the Ar glove box and subsequently ultracentrifuged
(Beckman XL-90, rotor type 90Ti) at 90,000 rpm (centrifu-
gal force of about 5  105 g) for 60 min to remove colloid
associated radionuclides (ultracentrifuged (UC) samples).
Based on the Stokes law and given the rotor speciﬁcations
and settings used in the ultracentrifuge, a remaining particle
size in the sample supernatant of 38 nm can be estimated.
Since the AsFlFF measurements yield a minimal particle
size of around 30 nm, the separation procedure
can be evaluated as satisfactorily eﬀective. Besides, this
ultracentrifugation procedure has been proven to be suitable
to eﬀectively remove bentonite colloids and even less dense
Th(IV) eigencolloids from solution (Altmaier et al., 2004).
The formation of eigencolloids may occur due to the strong
hydrolysis of especially tri- and tetravalent radionuclides
forming nano-crystalline polymeric oxy-hydroxide species.
Subsequently, aliquots of the ultracentrifuged supernatant
were taken with a syringe and transferred to vials for anal-
ysis by ICP-MS.
2.3.2. FFM desorption experiments
As a continuation of the RN-colloid sorption/desorp-
tion kinetic experiments, desorption experiments were per-
formed by simply exchanging the solution in the sample
vials containing the FFM. For that purpose, the remaining
solution of the corresponding vials was completely dis-
carded (using a syringe) and 8 ml of fresh GGW
(pH  9.7 and EhSHE  +150 mV) was added to the FFM
material. The GGW was contacted for 7 days with the
FFM to observe a possible desorption/remobilization pro-
cess of either radionuclides or colloids attached to the
FFM. After the contact time, aliquots of the solutions were
taken and analyzed by ICP-MS.
3. RESULTS AND DISCUSSION
3.1. Zn/Ni-montmorillonite colloid characterization
3.1.1. ICP-MS measurements
The concentrations of Na, Al, Fe, Zn and Ni in the pre-
pared stock suspensions are listed in Table 1. Additionally,
concentrations are given for ultracentrifuged samples to
determine the colloidal concentration. Regarding the
synthetic Zn-montmorillonite, Zn is found to be at 97%
in colloidal form and Al at 99.8%. In case of Ni-montmo-
rillonite, Al is indicated to be only 50% and Ni 82%
in colloidal from, respectively. This discrepancy compared
to the results for the Zn-montmorillonite may be attributed
to experimental or analytical artifacts e.g. due to the
ultracentrifugation step by unintentional shaking of the
sample and thus potentially re-suspending some colloidal
material and/or in the Al ICP-MS analysis due to the ratherhigh Al background concentration in the GGW. The pH
decrease (7.2) in the stock suspensions compared to the
original GGW (9.7) may be explained by a Na+–H+
exchange by the montmorillonite. The Zn/Ni-montmoril-
lonite colloid concentration is determined via Al and
Zn/Ni ICP-MS measurements taking into account the
structural formula of Zn-/Ni-montmorillonite, respectively.
3.1.2. Photon Correlation Spectroscopy (PCS)
The average eﬀective diameter determined is 260 nm
with an average half-width of 132 nm recalculated from
the polydispersivity index. The average f potential of the
particle (ZetaPlus, PALS system, Brookhaven Inc.) is found
to be 32 ± 2 mV calculated by using Smoluchowski
potential model (SI Eq. (1)). This value is slightly higher
compared to FEBEX bentonite f potential (40 ± 2 mV).
Nevertheless, both f potential values agree well with each
other indicating quite similar properties. Both values are
also in good agreement to f potential measured by Mo¨ri
et al. (2003) for FEBEX bentonite colloids under Grimsel
ground water conditions. Colloid stability analysis was per-
formed by measuring the time dependent change of the
eﬀective diameter as a function of the CaCl2 electrolyte con-
centration at pH 7.4. The fastest coagulation rate was
observed at >0.83 mM/L. Lowering the electrolyte concen-
tration to 0.70 mM/L does not imply a signiﬁcant decrease
in the measured coagulation rate within the analytical
uncertainty. But, a signiﬁcant drop occurs when the electro-
lyte concentration is furthermore lowered to 0.61 mM/L. A
similar Ca-CCC value found for FEBEX bentonite and Zn-
and Ni-montmorillonite gives further conﬁdence in a simi-
lar colloid stability between the natural and synthetic clay
colloids.
3.1.3. AFM
The morphology of the synthetic montmorillonite col-
loids from both stock suspensions was imaged using con-
tact mode AFM in air (Fig. 1). It can be seen that the
Zn- and Ni-montmorillonite colloids are spread out on
the mica surface. Moreover, part of the particles remain
separate whereas some colloids form aggregates on the mica
surface. It appears that the Ni-montmorillonite is mostly in
an aggregated form. In Fig. 1a and b, single particles for
Zn-montmorillonite colloids are seen on the ﬂat mica sur-
face. Most of the single particles have a rather ﬂat structure
with diameters ranging from 70 to 300 nm and heights in
the range from 15 to 40 nm (aspect ratio 1/7). The larger
particles in contrast show an aspect ratio in the range of 4
(height 200 nm, diameter 800 nm) and might correspond to
aggregates or stacks of montmorillonite platelets. Fig. 1c
shows the Ni-montmorillonite aggregates and in Fig. 1d
one of these aggregates is depicted in a detailed view. It
can clearly be seen, that smaller particles (indicated with
the blue circles) with values around 70 nm form bigger
aggregates. From the corrected particle diameters (dp)
and the average heights (hp), a mean aspect ratio (hp/dp)
of 0.08 is determined. This value is in fair agreement with
an assumed aspect ratio of 1/10 for bentonite particles
(Plaschke et al., 2001). The synthetic Zn montmorillonite
and the FEBEX bentonite colloids display the same
Fig. 1. AFM pictures of the Zn- and Ni-montmorillonite colloids (a and b) Zn-montmorillonite (c and d) Ni-montmorillonite.
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tribution with about the same diameter but not the same
height. The Ni-montmorillonite shows a rather mono-
disperse distribution most likely due to higher degree of
aggregation of the nanoparticles and with slightly bigger
particle sizes compared to the Zn-montmorillonite (Figs. 1
and 2). All in all, the geometrical properties determined by
AFM of the synthetic colloids used in this study are compa-
rable to the FEBEX colloids used in the previous experi-
ments. Thus, important properties like e.g. the sorption
behavior of the colloidal phase should be comparable
between this study and the results by Huber et al. (2011).Fig. 2. AsFlFFF fractograms for Zn- montmorillonite (left) an3.1.4. AsFlFFF analysis
AsFlFFF measurements have been performed on the
Zn/Ni-montmorillonite colloidal stock suspensions ob-
tained after the centrifugation steps. Fig. 2a depicts the
Al and Zn-fractogram obtained for the Zn-montmorillonite
colloid stock suspension diluted by a factor of 10 in GGW
prior to the injection for fractionation. Two colloidal frac-
tions with sizes at 50–70 and 200 nm are observed with a
rather broad size distribution. Elemental contents in the
colloidal fraction as determined from AsFlFFF measure-
ments are in mean: 9.8 mg/L colloidal Al and 5.9 mg/L
colloidal Zn. The Al/Zn ratio was determined over thed Ni-montmorillonite (right) stock solution, respectively.
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and equal to 2.0 ± 0.2. Elemental contents as determined
from direct injection, are in mean: 10.00 mg/L Al and
8.04 mg/L Zn in stock solution given a Al/Zn ratio of
1.24 in very good agreement with the ICP-MS results. By
comparing AsFlFFF and direct injection measurements, it
is clear that Al is 100% colloidal and that 73.5% of Zn is
in colloidal form. These conclusions are in very good agree-
ment with the Al–Zn measurements shown in Table 1 and
imply a very good sample recovery by AsFlFFF. In both
cases, the Zn is very homogeneously correlated with the
Al signal, which is greatly in favor of a Zn incorporation
into the montmorillonite colloids The Al to Zn mass ratio
is constant over the entire peak range at a value of 1.9–
2.0. It corresponds to a Al/Zn mol ratio of 4.86 which is
in good agreement with the theoretical value (4.21) deduced
from the Zn-montmorillonite structural formula. Results
for the Ni-montmorillonite are depicted in Fig. 2b. In
contrast to the Zn-montmorillonite colloids, the Ni-
montmorillonite colloidal fraction yields a mono-modal
distribution with a peak maximum position located at
210 nm according to the size calibration with polystyrene
particles. The Al/Ni mass ratios are determined to be
1.94 ± 0.59 corresponding to Al/Ni mol ratio of 4.3 which
are in good agreement to the mol ratio determined for
the Ni-montmorillonite colloids and the ICP-MS results
yielding a ratio of 3.9 (Table 1). Also, the maximum sizes
of the colloids extracted for both types of synthetic mont-
morillonite are quite close.
3.1.5. Laser Induced Breakdown Detection (LIBD)
LIBD measurements have been performed on the
Zn-montmorillonite stock suspension and corrected for
the natural colloid background concentration of the
Grimsel ground water. Due to the high sensitivity of the
LIBD, the Zn-montmorillonite suspension has to be diluted
with the Grimsel ground water to a concentration of
20 lg/L. Even at this low concentration, the breakdown
probability lies close to the saturation of the method at
0.89 (89% of the laser pulses leads to a colloid breakdown).
The mean colloid size of the bentonite particles in GGW is
determined by evaluating the spatial distribution of the
breakdown events relative to the calibration with polysty-
rene reference particles leading to values of 50 ± 10 nm.
After correction for the diﬀerent composition of polysty-
rene, this corresponds to diameters having a bimodal size
distribution with maxima at 40 and 200 nm. Taking into
account the average density of 2.7 g/cm3 for the Zn-
montmorillonite particles and a disk-like shape with 1/10
height-to-diameter proportion (aspect ratio), a mass
concentration in a range of 10 mg/L can be calculated. This
is only 10% of the given concentration. However, one has to
be careful applying the size calibration for the polystyrene
particles directly to the Zn-montmorillonite colloids. The
sensitivity to the Zn-montmorillonite particles is found to
be signiﬁcantly lower than the polystyrene particles. This
could be due to a very high ionization energy of the Zn-
montmorillonite particles and a breakdown process of
higher order than in the case of polystyrene particles. Hence,
it appears that the reproducibility of the measurements atdiﬀerent concentrations of the suspension can vary by one
order of magnitude. Further series of measurements at
diﬀerent dilution factors and with diﬀerent suspensions
are required to better understand the scatter of colloid
concentration values and to explain these discrepancies.
3.2. Fracture ﬁlling material (FFM) characterization
Scanning electron microscopy (SEM) of the Grimsel
FFM grains shows an angular morphology with rough het-
erogeneous grain surfaces (Fig. 3). The sieved size fractions
of 1–2 mm are corroborated by imaging the particles with
SEM. Energy dispersive X-ray microanalysis (EDX) spec-
tra yield mainly k-feldspar, quartz and element signatures
for sheet-silicates, most likely of biotite- and/or muscovite
type.
The speciﬁc surface areas of the FFM were determined
by BET N2-adsorption. The samples were heated to
300 C and degassed for 6 h. The determination of the sur-
face was done via multiple point analysis and a subsequent
ﬁt with the BET isotherm. In all BET measurements care
was taken to have suﬃcient total surface (>1 m2) for reli-
able measurements. Speciﬁc surface area measurements
(BET) yielded values of 0.26 m2/g (1–2 mm size fraction).
These values are higher compared to the 1–2 mm FFM size
fraction used in the experiments by Huber et al. (2011) with
a speciﬁc surface area of 0.15–0.17 m2/g. This diﬀerence
may be attributed to artifacts from the sieving procedure
and/or due to mineralogical diﬀerences between the diﬀer-
ent batches of the FFM.
Chemical rock composition analysis by X-ray ﬂuores-
cence (XRF) has been conducted to determine the bulk
major and trace elemental distribution in the fracture ﬁlling
material (Table SI 1). As expected for a granodiorite
(granitic rock), major elemental composition is dominated
by SiO2, Al2O3, K2O and Fe2O3(tot) representing the main
mineral elements quartz and k-feldspar/albite which is in
accordance to the EDX analysis. The total iron content
of 3.43 wt% Fe2O3(tot) is comprised of 1.84 wt% FeO which
gives hint to only minor oxidation eﬀects through the
separation and preparation of the FFM size fractions.
For comparison, the total iron content in the study given
by Huber et al. (2011) is 2.96 wt% Fe2O3(tot) of which
1.87 wt% is FeO.
3.3. Eh-pH-evolution
Eh and pH measurements have been conducted for
every batch sample to monitor the contact time dependent
evolution of pH and Eh(SHE) values. This was mandatory
since the radionuclide cocktail included several redox sensi-
tive radionuclides, i.e. 99Tc(VII), 233U(VI), 237Np(V) and
242Pu. Details on the set-up and procedure of the pH and
the Eh measurements are described in Huber et al. (2011).
It needs to be clearly stated that redox potential measure-
ments may be coupled to high uncertainties, especially in
natural systems where local redox disequilibrium are fre-
quent (see e.g. Grenthe et al., 1992; Altmaier et al., 2011,
and reference therein for general information on this issue).
Fig. 4 shows the Eh-pH evolution over the experimental
Fig. 3. (a) and (b) SEM pictures of the FFM in secondary electron mode.
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cocktail (9.7) slightly dropped in case of the samples after
24 h to around 9.6 and 9.4 in case of the Zn- and Ni-
montmorillonite series, respectively, most likely due to
dissolution and/or ion-exchange processes of the fracture
ﬁlling material. In the course of the experiments the pH val-
ues dropped further to ﬁnal values of 9.3 and 9.2 for the
Zn- and Ni-montmorillonite, respectively after 10,000 h
contact time (417 days). Regarding the evolution of the
redox potential, both series show a pronounced decrease
as a function of contact time starting from oxidizing condi-
tions after 24 h (EhSHE = 250 mV for Ni-montmorillonite
and 350 mV for the Zn-montmorillonite) to strongly
reducing conditions after 10,000 h contact time (EhSHE =
230 mV for Ni-montmorillonite and 240 mV for
the Zn-montmorillonite). These measured redox potentials
are signiﬁcantly lower than the values obtained in the labo-
ratory by Huber et al. (2011) but are in good agreement to
in-situ EhSHE values found in the natural ground water
(Mo¨ri et al., 2003) (EhSHE = <300 mV). The observed
diﬀerences between the redox potentials obtained in this
study and former results by Huber et al. (2011) may beFig. 4. Eh(SHE) and pH evolution of the Zn- and Ni-montmoril-
lonite of this study compared to similar experiments using FEBEX
bentonite colloid (Huber et al., 2011). Plotted symbols represent
mean values from both sample series with the standard deviation as
error bars.explained by a diﬀerent batch of FFM with diﬀerences in
the availability of ferrous and ferric iron content at the sur-
face of the particles, sample batch heterogeneity or partial
oxidation during the recovery of the sample while drilling.
Generally speaking, the discrepancies mentioned above
between diﬀerent laboratory studies and in-situ experiments
reﬂect the low redox capacity of these systems making them
extremely sensitive to intrusion of oxygen traces in the lab-
oratory (glovebox < 1 ppm O2) and the uncertainties in
measuring Eh values in ground water.
3.4. Behavior of Zn- and Ni-montmorillonite nanoparticles
Mandatory for the understanding of the results obtained
for the diﬀerent radiotracers is the colloid-fracture ﬁlling
interaction over the experimental duration. It is obvious
that a pronounced sorption of the colloids (and thus also
the colloid associated radionuclides) onto the fracture
ﬁlling material would bias the interpretation concerning
colloid radionuclide sorption/desorption processes. Thus,
every sample was ultracentrifuged to assess the colloid-
bound radionuclide concentration as well as the concentra-
tions of the colloids as deduced from the Al, Zn and Ni
ICP-MS signal. Results for the Al, Zn and Ni concentra-
tions of both series are depicted in Fig. 5 and listed in
Table SI 2. Regarding Al, the non-ultracentrifuged samples
scatter between 6  104 M and 3  105 M whereas
the ultracentrifuged samples are in the range of
1.5  105 M and 2.5  106 M. This high scatter for
both types of samples reﬂects the uncertainty accompanied
in the analysis of the colloid concentration using the Al
ICP-MS signal and in consequence the uncertainty in the
determination of a possible attachment of the colloidal
phase to the fracture ﬁlling material over the experimental
duration. By comparison of the UC and the nUC samples,
a minimum colloid fraction of 33% can be calculated for
the Al. The data for Zn yield values between 3  105 M
and 1  105 M (1.96–0.65 mg/L) in case of the nUC
samples showing much less scatter than it was the case
for Al. The Zn UC samples are at least one order of
magnitude lower in concentration ranging between
1  106 M and 1  107 M. Thus, a colloidal fraction
Fig. 5. Temporal evolution of Al, Zn and Ni concentrations (in log scale) for both UC and nUC samples as markers for the colloid
concentrations. The grey area underlines the scattering of the data. Plotted symbols represent mean values from duplicates with the standard
deviation as error bars.
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nUC samples for Ni are between 2  105 M and
7  106 M (1.76–0.587 mg/L). Concerning the UC sam-
ples for Ni, values between 2  106 M and 3  108 M
are observed. A minimum of 80% can be derived for Ni as
colloidal fraction by comparison of UC and nUC samples,
respectively. Generally speaking, the data for Zn and Ni
clearly show the absence of pronounced colloid attachment
to the FFM (or to the walls of the vials) since colloid con-
centrations remain quite stable in solution over the whole
experimental duration. Given the analytical uncertainty,
one clearly has to state that a weak colloid attachment to
the FFM might occur, but do not highly impact the overall
results and bias their interpretation. Based on these results
(Fig. 5), we can derive the following quantitative improve-
ment: a comparison of the Al concentration in both the
natural GGW in the colloid cocktail yields a diﬀerence of
2 orders of magnitude. That is, a maximum of 1% could
be analytically diﬀerentiated between the dissolved back-
ground Al and the structural Al of the synthetic montmoril-
lonite colloids. In contrast, Zn and Ni background
concentrations in the GGW and introduced by the synthetic
montmorillonite colloids diﬀer by 3–3.5 orders of magni-
tude. Thus, it is possible to increase the analytical sensitivity
to at least 0.1% gaining more than one order of magnitude
by using the synthetic Ni/Zn-montmorillonite colloids.
Thus, the application of the synthetic Zn- and Ni-montmo-
rillonite clearly improves the reliability in the determination
of the radionuclide sorption/desorption kinetic by circum-
venting the analytical uncertainties accompanied with the
Al ICP MS signal as in previous studies (Huber et al., 2011).
3.5. 232Th(IV), 242Pu and 243Am(III)
The results for the tri- and tetravalent radionuclides
232Th(IV), 242Pu and 243Am(III) are shown in Fig. 6 and
Table SI 1, respectively. Generally speaking, by comparison
of UC and nUC samples (i) the formation of eigencolloids
of both 232Th(IV) and 242Pu due to their pronounced
hydrolysis behavior and (ii) a strong clay colloid associa-
tion via sorption of dissolved 232Th(IV) and 242Pu speciesis possible since the radionuclide concentrations before
and after ultracentrifugation diﬀer by at least one order
of magnitude. Based on the macroscopic data presented
here, no diﬀerentiation between (i) a sorption of dissolved
species to the bentonite nanoparticles and (ii) the formation
of eigencolloids which either may remain stable in solution
or are associated to the clay colloids is feasible.
By comparison between UC and nUC samples,
232Th(IV) shows the highest degree of colloidal association
of all radionuclides applied in this study with 100% and
99% for the Ni- and Zn-montmorillonite, respectively
indicating an identical behavior in terms of radionuclide
colloid interaction. Th(IV) UC samples are at least one
order of magnitude lower compared to the nUC samples.
232Th(IV) starts desorbing from solution after 3500 h
contact time. At 10,000 h contact time a decrease of
initially 7  10-8 mol/L to 3.5  108 mol/L (50%
removal from solution) in aqueous 232Th(IV) concentration
is detectable in case of the nUC samples. No distinct diﬀer-
ence in the reversibility behavior between the Zn- and the
Ni-montmorillonite colloids is observed. The data indicate
that the reversibility is still ongoing after 10,000 h, hence
no equilibrium has been reached.
Regarding 242Pu, both sample series show an initial
RN-colloid association with a higher amount of 82%
for Zn-montmorillonite and 75% for Ni-montmorillonite,
respectively. After 1000 h, desorption of 242Pu oﬀ the
colloidal phase is getting more pronounced for both series.
After 10,000 h 70% (in case of the Zn-montmorillonite)
and 81% (in case of Ni-montmorillonite) of the initial
242Pu associated to the colloidal phase desorbed from the
colloids and are removed from the aqueous phase most
likely by sorption to the FFM. Again, the data show no
equilibrium reached in terms of reversibility in both sample
series at the end of the experiments.
Data for 243Am(III) show a clear colloidal association
with >82% and >80% in the case of Ni- and Zn-montmoril-
lonite, respectively. A slight decrease in 243Am(III) concen-
tration for the nUC samples is visible within the ﬁrst 504 h
and afterwards a steeper decrease occurs. One clearly has to
state that the initial 243Am(III) concentration of 7 
Fig. 6. Time dependent evolution of radionuclide concentrations for (a) 232Th(IV), (b) 242Pu and (c) 243Am(III). Values are given for both
ultracentrifuged (UC) samples and for non ultracentrifuged (nUC) samples, respectively. The data on FEBEX are taken from Huber et al.
(2011). Plotted symbols represent mean values from duplicates with the standard deviation as error bars.
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in the data due to analytical uncertainties of the ICP-MS.
The low starting concentration is also the reason why no
243Am(III) was measurable in the UC samples after 336 h
(ICP-MS detection limit). In agreement to Pu and Th(IV),
again no equilibrium is reached after 10,000 h contact time.
3.6. 99Tc(VII), 233U(VI) and 237Np(V)
237Np(V) results are depicted in Fig. 7c and listed in
Table SI 1. No initial colloid association with the synthetic
Zn- and Ni-montmorillonite is observed for 237Np(V). With
time, 237Np(V) shows a slight decrease in concentration for
both UC and nUC samples. After 100 h contact time, diﬀer-
ences start to evolve between UC and nUC samples. The
decrease of 237Np(V) concentration may be explained by
the reduction to a lower oxidation state (Np(IV)). This
explanation is corroborated by Eh–pH conditions prevail-
ing in the samples (Fig. 8c) making a reduction thermody-
namically feasible after 100 h contact time to the FFM.
The reduced 237Np(IV) subsequently shows a removal
kinetic from solution in the course of the experiment
but seems to reach no equilibrium after 10,000 h. The
237Np(V) concentrations of the UC samples are lower com-
pared to the nUC samples indicating (i) the formation of
Np(IV) eigencolloids stable in solution or (ii) an attachment
of reduced 237Np(IV) (eigencolloids or a dissolved Np(IV)Fig. 7. Time dependent evolution of radionuclide concentrations for (a) 9
ultracentrifuged (UC) samples and for non ultracentrifuged (nUC) samp
(2011). Plotted symbols represent mean values from duplicates with thespecies) to the synthetic Zn- and Ni-montmorillonite
colloids (15% of the total Np present). In any way, Np
would be separated from solution by ultracentrifugation.
When comparing the results of the present study to the
FEBEX experiments, a diﬀerent behavior of 237Np seems
to occur. While a reduction of 237Np(V) to 237Np(IV) is
thermodynamic feasible in both studies, no interaction of
237Np(V) with the colloidal phase seems to occur in the
FEBEX experiments since both UC and nUC concentra-
tions decrease in parallel and are very similar to each other.
Based on this diﬀerent ﬁnding, it seems more likely that
Np(IV) is sorbing directly to the FFM (as Np(IV) eigencol-
loids or as a dissolved Np(IV) species) in the FEBEX
experiments. A possible reason for this observation could
be the higher speciﬁc surface of the synthetic montmorillon-
ite colloids (67 m2/g) leading to a higher aﬃnity of the
237Np(V) to sorb onto the colloidal phase and only to a
lesser extent or with a slower kinetic to the FFM, though
one has to state that only 15% of the Np present may
be attached to the bentonite colloid whereas 85% may
sorb to the FFM.
Results for 99Tc(VII) are shown in Fig. 7a and Table
SI 1. By comparison between UC and nUC samples it is
obvious that 99Tc(VII) is initially not colloidal associated
since the aqueous concentrations are the same before and
after the centrifugation step. The 99Tc(VII) concentration
remains constant until 1000 h contact time to the FFM.9Tc(VII), (b) 233U(VI) and (c) 237Np(VII). Values are given for both
les, respectively. The data on FEBEX are taken from Huber et al.
standard deviation as error bars.
Fig. 8. Time dependent Eh–pH evolution of the batch samples plotted in Pourbaix diagrams for (a) 99Tc, (b) 233U and (c) 237Np. The dotted
arrow indicates increasing time.
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visible from initially 1  108 M down to 2.2 
109 M (Zn) and 3.9  109 M (Ni), respectively after
3500 h contact time. After 10,000 h both sample series are
at least one order of magnitude lower (4.5  1010 M
for Zn and 9.1  1010 for Ni) than at the beginning of
the experiments. After 1000 h a distinct diﬀerence between
the UC and nUC samples arises. Regarding the UC sam-
ples, after 3500 h 99Tc concentrations are even below the
detection limit (3  1010 M) for both the Zn and Ni-
montmorillonite samples series. The reduction of the initial
99Tc(VII) (pertechnetate) to 99Tc(IV) is thermodynamically
feasible after 300 h contact time regarding the measured
Eh(SHE) values of the samples depicted (as dashed line) in
Figs. 7a and 8. The concentration decrease in both nUC
and UC samples is thus likely due to the reduction to
Tc(IV). Speciﬁcally, it seems likely that a Tc(IV) phase is
directly precipitating, since practically no 99Tc can be mea-
sured by ICP-MS in the UC supernatants for samples with
redox potentials negative enough to reduce 99Tc(VII) to
99Tc(IV) (Fig. 8). One might further assume that 99Tc(IV)
is not interacting via sorption to the synthetic montmoril-
lonite colloids because in this case, the data should be more
similar to the 237Np results showing some remaining Tc
(attached to the montmorillonite colloids) even in the UZ
samples. The results of the FEBEX experiments are consid-
erably diﬀerent to the results of the study in hand for 99Tc
due to EhSHE conditions. Due to the much higher redox
potentials in the FEBEX experiments, only for the sample
after 7500 h a small decrease in 99Tc concentration was
observed.
Regarding the results for 233U(VI), a portion of 233U
seems to be in colloidal form since the 233U UC sample
in the initial cocktail and after 24 h contact time in case
of the Ni-montmorillonite series shows a lower concentra-
tion (Fig. 7b). Though, this diﬀerence only holds for these
two samples of the Ni-montmorillonite sample series and
diminishes after 24 h contact time, thus it remains unclear
if this observation is an artifact from e.g. the ICP-MS
analysis and/or from the ultracentrifugation procedure.
In general, dissolved 233U(VI) shows a slow concentration
decrease over the whole experimental duration both for
UC and nUC samples either through (i) sorption of
233U(VI) to the FFM, (ii) reduction to 233U(IV) (eigencol-loids or dissolved species) with a subsequent sorption to
the FFM or (iii) precipitation of a 233U(IV) phase. After
3500 h contact time, a diﬀerence becomes visible for the
nUC samples which may indicate the onset of the redox
transformation to a lower oxidation state (reduction of
233U(VI) to 233U(IV)) as it was observed for 99Tc(VII)
and 237Np(V). Thermodynamic considerations (Fig. 8b)
clearly show the feasibility for a reduction of 233U(VI) to
233U(IV) based on experimentally measured Eh(SHE) values
in the samples. Though, this diﬀerence between UC and
nUC samples is not as pronounced as it was the case for
99Tc(VII) since less 233U should be present in the reduced
form at this contact time. No strong interaction with the
synthetic montmorillonite colloids seems to occur in case
of 233U(IV) because both UC and nUC samples show only
relatively small diﬀerences in concentration over time. If
U(IV) would bind to the colloids or form eigencolloids,
the concentration decrease might be more pronounced
for the UC samples compared to the nUC samples. Thus,
one might conclude that most U(VI) and U(IV) are show-
ing a slow sorption to the FFM and only a smaller portion
of U(IV) actually sorbs to the bentonite colloids although
the colloids should oﬀer a higher speciﬁc surface area for
sorption to take place. But, one should state that with
increasing contact time at redox potentials negative
enough to reduce 233U(VI) to 233U(IV) and thus the pres-
ence of more 233U(IV) one might expect more sorption to
the bentonite colloids as it was observed within the exper-
imental duration of 10,000 h in the present study. The
reduction of 233U is in contrast to the results obtained
using the FEBEX bentonite colloids. Here, no reduction
was observed which is corroborated by the experimentally
determined redox potentials prevailing in the FEBEX
experiments. It seems, that the FFM used in this study,
though originating from the same location as the FFM
of the FEBEX experiments, possess a higher redox capac-
ity leading to considerably stronger reducing conditions
(Fig. 4).3.7. Comparison of FEBEX bentonite desorption rates
To compare the results obtained in the study prevailing
with previous experiments using FEBEX bentonite colloids,
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equation (Eq. (1)) (Lu¨hrmann et al., 1998):
CðtÞ ¼ C0  ekt ð1Þ
Where C(t) is the time dependent concentration in solution
[mol  L1], C0 is the initial RN concentration in solution
[mol  L1], k = desorption rate [h1] and t is the time [h].
Table 2 lists all ﬁtted desorption rates from the experiments
in this study in conjunction to the desorption kinetics from
the FEBEX experiments.
The results from the FEBEX experiments revealed that
232Th(IV) does not show a signiﬁcant reversibility since
only 1% of the initial 232Th(IV) is removed after a contact
time of 7500 h. Though, it has to be stated that this long-
term value is likely to be attached with some uncertainty
since the 232Th(IV) concentration both after 500 h and
700 h already showed a decrease of 18% of the initial
232Th(IV) concentration (Fig. 6). Unfortunately, due to
the scatter in the FEBEX 232Th(IV) dataset it is not possible
to ﬁt a reliable desorption rate. The new results presented in
this study for Zn-/Ni-montmorillonite show a signiﬁcant
desorption for 232Th(IV) for a contact time >3500 h. Zn-
and Ni-montmorillonite show desorption rates of
9.21  104 [h1] (Ni) and 3.38  106 [h1] (Zn). Espe-
cially the value for Zn-montmorillonite is quite low. The
diﬀerences between these two rates show strong dependen-
cies between the scatter in the data and the ﬁtting proce-
dure. Thus, an over-interpretation of the rates should be
avoided and the values should be rather used as a range.
Concerning 242Pu, desorption kinetics are both slower
and faster than the results obtained by Huber et al.
(2011) using FEBEX bentonite colloids. Zn-montmorillon-
ite (2.77 ± 2.15  104 [h1]) is slower than Ni-montmoril-
lonite (1.23 ± 0.52  103 [h1]) whereas the FEBEX
desorption rate (0.89 ± 1.0  103 [h1]) ﬁts nicely to the
Ni-montmorillonite rate. The quite high diﬀerence between
the Zn-montmorillonite and Ni-montmorillonite series is
clearly referred to the last data point of the Ni-montmoril-
lonite series again highlighting the dependency on the ﬁtting
procedure. After 7500 h the absolute aqueous 242Pu concen-
trations observed in this study are very similar to the results
presented by Huber et al. (2011). That is, the 242Pu desorp-
tion kinetics in both studies may not be as diﬀerent as was
the case for 232Th(IV). Regarding the uncertainties, one can
state that the 242Pu desorption kinetics should not be very
diﬀerent and are probably quite similar independent of
the type of bentonite nanoparticles used in both studies.Table 2
Fitted desorption rates of the Zn- and Ni-montmorillonite batch
by Huber et al.(2011) using FEBEX bentonite colloids.
232Th(IV) 242
Syn. Zn-montm. 3.38  106 [h1] 2.7
R2 = 0.5752 R2
Syn. Ni-montm. 9.21  104 [h1] 1.2
R2 = 0.2857 R2
FEBEX bentonite1 Not possible 0.8
R2
1 Huber et al. (2011).243Am(III) exhibits a similar fast desorption with a rate
of 1.22 ± 0.62  103 [h1] for both synthetic montmoril-
lonite series. Though, compared to the 243Am(III) desorp-
tion rate from the FEBEX bentonite experiments
(3.66 ± 0.87  103 [h1]) by Huber et al. (2011) it is 3
times slower. Here, one has to point to the diﬀerence in
the initial 243Am(III) concentrations used in both studies
which may have an inﬂuence on the desorption kinetics (a
concentration dependent reversibility kinetic may a possible
explanation). This issue needs to be studied in detail to clar-
ify a possible inﬂuence.
Generally speaking, the desorption kinetics of the new
synthetic montmorillonite series are slower compared to
the FEBEX bentonite reversibility kinetics by Huber et al.
(2011) (except for the 242Pu Ni-montmorillonite kinetic).
This observation may be explained by the diﬀerences in
the ratio of the speciﬁc surface areas of the colloids and
the FFM since the surface area of the colloids is in the order
of 67 m2/g while the FFM oﬀers a surface area of 0.26 m2/g
giving a ratio of 38 (TOT(BETFFM)/TOT(BETCOLL); the
TOTBET is referred to the total BET per each Zinsser vial
regarding the solid to solution ratio (1:4; 4 g of FFM and
16 ml cocktail) and the concentration (total mass) of the
montmorillonite colloids) which is smaller than the ratio
by Huber et al. (2011) (44 in case of the 1–2 mm size frac-
tion) using FEBEX bentonite colloids with a lower speciﬁc
surface area. The interaction between the tri- and tetrava-
lent RN and the synthetic montmorillonite colloids is there-
fore either more strongly due to the formation of more
stable sorption complexes at the surface of the colloids or
the driving force of the surface area of the FFM compared
to the surface area of the synthetic colloids is less
pronounced.
3.8. Results of the FFM desorption experiments
To examine a possible remobilization (desorption) of
FFM associated radionuclides after the colloid sorption/
desorption kinetics experiments, the FFM was contacted
for 7 days with fresh natural GGW. Subsequently, the
sample solution composition was probed by ICP-MS. In
general, remobilization of FFM associated RN might be
possible assuming the following processes: (i) desorption
of RN (e.g. U(VI) or the tri- and tetravalent RN), (ii),
oxidation of initially reduced RN on the FFM surface
(e.g. 99Tc(VI), 233U(IV) and 237Np(IV)) followed by a sub-
sequent desorption, (iii) oxidative dissolution of reducedseries in comparison to the reversibility kinetics presented
Pu 243Am(III)
7 ± 2.15  104 [h1] 1.22 ± 0.62  103 [h1]
= 0.8814 R2 = 0.7769
3 ± 0.52  103 [h1] 1.22 ± 0.78  103 [h1]
= 0.7926 R2 = 0.5756
9 ± 1.0  103 [h1] 3.66 ± 0.87  103 [h1]
= 0.4070 R2 = 0.9886
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detachment of initially sorbed bentonite colloids with
attached RN (tri- and tetravalent RN). The latter (iv)
may be conﬁrmed in case of a positive correlation between
the Zn/Ni concentration in solution and the RN concentra-
tion. That is, this correlation should hold for RN which are
associated with the synthetic Zn- and Ni-montmorillonite
colloids. In any case, due to the macroscopic nature
of the data available, no direct discrimination between
the processes responsible for the results can be drawn
unequivocally.
Results for 243Am(III) are not shown since the initial
concentration in the sorption/desorption kinetics experi-
ments is already very low, thus the measured concentration
after the given contact time of 7 days with the fresh GGW
was found to be below the ICP-MS detection limit.
Regarding 99Tc(VII), almost all concentrations mea-
sured in the GGW samples are close or even below the
ICP-MS detection limit (3  1010 mol/l). Since it is likely
that FFM associated 99Tc is in tetravalent form according to
thermodynamic considerations (Fig. 8), it seems that the
fresh GGW with an EhSHE of +150 mV (at least ±50 mV)
is surprisingly not oxidizing enough to transform Tc(IV)
back to Tc(VII) or the redox process may kinetically be hin-
dered and the contact time will not be suﬃciently long for a
re-oxidation. Moreover, 99Tc GGW concentrations seem
not correlated with either Zn or Ni concentrations, thus
one might likely assume the precipitation of a 99Tc(IV)Fig. 9. Results of the desophase rather than an association of 99Tc(IV) with the ben-
tonite colloids. Though, given the high uncertainty, an
over-interpretation of the 99Tc dataset should be avoided.
Fig. 9 depicts the results for 232Th(IV), 233U(VI),
237Np(V) and 242Pu. The diagrams show the concentrations
sorbed to the FFM (ﬁlled symbols) in comparison to the
concentration measured in the GGW samples after 7 days
contact time (open symbols) as function of the contact time
in the sorption/desorption kinetics experiments. Generally
speaking, the amount of RN associated to the FFM
increases with contact time in the sorption/desorption
kinetics experiments (due to sorption/desorption kinetics
of the tri- and tetravalent RN and the reduction and sorp-
tion and/or precipitation of the redox sensitive elements),
thus one might also expect an increase in desorbed concen-
tration for samples with longer contact times in the desorp-
tion experiments. This assumption seems to be true
according to the data presented in Fig. 9 although one
has to state that the concentrations in the GGW samples
show quite a pronounced scatter. In case of the redox
sensitive elements 233U and 237Np, a re-oxidation and sub-
sequent desorption might be likely the responsible process
according to the measured EhSHE in the fresh GGW used.
233U yields a fraction desorbed between 17% and 47% of
initially sorbed U (calculated using the amount of element
sorbed to the FFM (initial concentration in the cocktail
minus the concentration in the nUZ sample) in each vial
after the sorption/desorption kinetic experiments and therption experiments.
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tion experiments with fresh GGW). No clear correlation of
the desorbed fraction with contact time in the sorption/
desorption reversibility experiments can be derived
although it seems that for samples with lower contact times,
a higher degree of sorption takes place than for samples
with higher contact times. The former may be hypothesized
by a desorption of FFM sorbed U(VI) only while the latter
may be due to the presence of U(IV) at the FFM surface
and a potentially slower two-step process of re-oxidization
and subsequent desorption of U(VI). A correlation of 233U
with Zn or Ni cannot be drawn except for one sample for
the highest Ni concentration measured in the GGW sample
series while the remaining samples show no increase of 233U
with increasing Zn or Ni concentrations Thus, one may
assume a sorption of U(IV) to the FFM and only a very weak
interaction with the synthetic montmorillonite colloids.
In case of 237Np, desorbed fractions range between 10%
and 33% showing no clear correlation with the contact
times in the sorption/desorption kinetics experiment. In
comparison to 233U, the redox potential needed to re-
oxidize Np(IV) on the surface of the FFM to Np(V) is con-
siderably higher (more positive) (Fig. 8). Thus, one might
assume that less Np is re-oxidized and therefore desorbed
from the FFM back into the GGW as it was the case for
233U. Regarding the diﬀerence in fraction desorbed of
7% to 14% between 233U and 237Np, this interpretation
might seem to hold. Moreover, 237Np shows a correlation
to the Zn and Ni concentrations (Figure SI 3), that is, a
clear increase in dissolved 237Np concentration with
increasing Zn and Ni concentrations is observed. This
ﬁnding might lead to the interpretation of 237Np(IV) being
(at least partly) associated to the synthetic Zn- and Ni-
montmorillonite colloids by sorption rather than directly
precipitated from solution.
No correlation in fraction desorbed to the contact time
in the sorption/desorption kinetics experiments is observed
for 242Pu. The desorbed fractions scatter between 6% and
30%. As it was the case for 237Np, 242Pu shows a direct
correlation to the Zn and Ni concentration in the GGW
samples (Figure SI 3). Again, it seems that part of the
Zn- and Ni-montmorillonite colloids are attached to the
FFM material which are released from the FFM surface
in the desorption experiments indirectly causing the
observed increase in 242Pu concentration in the GGW sam-
ples. This result is also true for 232Th, although one clearly
has to state, that this dataset shows a very strong scatter
rendering them highly uncertain, especially the calculated
desorbed fraction which even exceeds 100% for some sam-
ples. One might assume a dissolution of natural 232Th out
of the FFM (granodiorite) as a reason for this high concen-
trations measured although the FFM was pre-equilibrated
before the start of the experimental program with the same
GGW. Nevertheless, the positive correlation of 232Th with
Zn- and Ni concentrations is in line with the 242Pu results
indicating again the occurrence of both a sorption in the
sorption/desorption kinetic experiments and subsequently
a remobilization in the desorption experiments with fresh
GGW of the synthetic Zn- and Ni-montmorillonite
colloids, respectively.4. CONCLUSIONS
Batch experiments on RN sorption/desorption kinetics
in the presence of granite fracture ﬁlling material and natu-
ral Grimsel ground water have been conducted identical to
previous experiments using FEBEX bentonite colloids by
Huber et al. (2011). The synthetic Zn- and Ni-labeled
montmorillonite colloids applied for the ﬁrst time display
a similar behavior to the FEBEX bentonite colloids making
them suitable as an admixture in e.g. ﬁeld migration studies
at the Grimsel Test Site in Switzerland in the frame of the
Colloid Formation and Migration (CFM) Project. More-
over, the use of the Zn and Ni ICP-MS signal possible by
using the structural labeled colloids signiﬁcantly reduces
the uncertainties coupled with the determination of the
colloid concentration in solution, thus providing conﬁdence
in the results obtained. The tri-and tetravalent RN
232Th(VI), 242Pu and 243Am(III) are initially strongly colloi-
dal associated and show desorption kinetics of the colloids
and subsequent sorption to the FFM. The derived desorp-
tion rates for 242Pu and 243Am in the presence of the syn-
thetic Zn- and Ni-montmorillonite colloids and the rates
determined by Huber et al. (2011) using FEBEX colloids
compare relatively well given the analytical uncertainty.
232Th(IV) results do not compare well to each other which
is attributed both to the scattered datasets and the sensitiv-
ity of the ﬁtting procedure. Therefore, one should be care-
ful to not over-interpret the rates presented as perfect
numbers but rather be treated as a range of values. Identical
to the FEBEX bentonite nanoparticles study, 99Tc(VII),
233U(VI) and 237Np(V) are not attached to the synthetic
Zn- and Ni-montmorillonite colloids. Though, regarding
these RN, within the duration of the experiments diﬀer-
ences arise compared to the results by Huber et al. (2011)
which are related to the Eh-pH conditions. That is, a dis-
tinct drop in redox potentials is observed as a function of
contact time to the FFM. In consequence, the redox sensi-
tive elements 99Tc(VII), 233U(VI) and 237Np(V) are prone to
reduction processes in this study leading to a pronounced
concentration decrease. The diﬀerent redox conditions pre-
vailing in this study might be explained by (i) the diﬀerent
FFM batch charge used and therefore possible diﬀerent
redox capacities of the solid phase or (ii) by some small
O2 intrusions in the Ar glove box with time in the FEBEX
experiments.
An additional desorption study using the samples from
the sorption/desorption kinetics experiments revealed a
remobilization of 232Th(IV), 242Pu and 237Np(V) when con-
tacted with fresh GGW for seven days. A direct correlation
between Zn and Ni concentrations is found for these radio-
nuclides indicating a FFM sorbed fraction of the synthetic
colloids in the sorption/desorption kinetics experiments
which is remobilized under fresh natural GGW conditions.
To sum up, the results of this study generally corrobo-
rate the ﬁndings by Huber et al. (2011) and highlight the
inﬂuence of kinetic desorption behavior of colloid associ-
ated radionuclides. The results give implications on the
importance of incorporating radionuclide desorption kinet-
ics in the analysis and interpretation of colloid facilitated
transport both in experiments and model calculations.
440 F.M. Huber et al. /Geochimica et Cosmochimica Acta 148 (2015) 426–441The results also underpin the importance of the
remobilization of the colloidal phase itself and associated
radionuclide. Furthermore, our conclusions have a direct
application in the safety assessment of nuclear waste repos-
itories, but are not restricted solely to that aspect. The
sorption/desorption processes of diﬀerent radionuclides
described here may also be extended to other contexts such
as e.g. soils and aquifers pollution. In addition, the state of
the art analytical methods and experimental procedure
developed here could easily be applied to studies of other
sites or other applications.ACKNOWLEDGEMENTS
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